ABSTRACT: The charge multiplication process used in the Electron Multiplying CCD (EMCCD) is subject to an ageing effect in which the gain achieved at particular avalanche potentials, gradually decreases during operation. To utilise these devices for both space and terrestrial applications where recalibration of the gain is not feasible, a comprehensive understanding of the ageing process is required.
Introduction
The Electron Multiplying CCD (EMCCD) utilises signal amplification in the charge domain before any noise contribution from the readout system is added. This results in a reduction in effective system read noise, [1, 2] . Its design is similar to that of an ordinary CCD, see figure 1, but for additional register elements after the serial register.
Known as the avalanche multiplication register, each element within this register contains a high clock voltage electrode used to accelerate the signal electrons sufficiently to cause impact ionisation. Unlike other electron multiplying devices such as the avalanche photo diode, the EMCCD does this through hundreds of transfers with each transfer applying a small gain. If the probability of converting 1 electron into 2 electrons is p per transfer, the mean gain G through n transfers is given by:
Values for p depend on the accelerating voltage and are a maximum in the region of 1% [2] for a 45 V potential.
In a typical gain register there are over 500 gain register elements resulting in large gains of the order of 10 3 to 10 4 . Figure 2 illustrates typical EMCCD avalanche multiplication register elements. Each element consists of 4 polysilicon electrodes designated RΦ1, RΦ3, ΦDC and RΦ2HV. After RΦ1 there is an electrode held at a fixed DC potential, termed ΦDC, followed by a high potential phase RΦ2HV under which all the impact ionisation takes place. The preceeding serial register consist of 3 polysilicon electrodes designated RΦ1, RΦ2 and RΦ3. The RΦ1 and RΦ3 electrodes of both sections are essentially the same and are clocked with the same sequence timings. Typical values for RΦ1, RΦ2 and RΦ3 are 10 V-12 V, ΦDC is generally run at 2 V and RΦ2HV can range from 12 V to 45 V depending on the desired gain. Figure 3 shows the gains achieved at different avalanche potentials. It can be seen that at the higher potentials (> 40 V) that a small change in potential creates a large change in gain, reiterating the importance of any small alterations in potential within the device .
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Uses and reliability
These devices have been widely used in terrestrial applications with uses in medicine [3, 4] , the military [5] , astronomy [6, 7] , cyclotrons aplications and many others [8] . However, with the EMCCD being a relatively new technology they have yet to be used for space applications. Prior to being considered as a technology ready for space flight the concerns regarding device stability need to be addressed, one of these concerns is the ageing effect. EMCCD ageing manifests itself as a continuous unrecoverable decrease in gain for a given avalanche potential and is described in further detail later.
Technology readiness level
The current Technology Readiness Level (TRL) of EMCCD technology, is currently low. This measure of technology maturity as described by The European Space Agency (ESA) includes a scale of 9 specifications. Shown below are the criteria [9]:
1. Basic principles observed and reported. 6. System/subsystem model or prototype demonstration in a relevant environment.
7. System prototype demonstration in a space environment.
8. Actual system completed and "Flight qualified" through test and demonstration.
Actual system "Flight proven" through successful mission operations
It is difficult to definitively say exactly where on this scale the EMCCD lies. It is likely to be between the levels of 4 and 6 as the basic principles have been shown and tested. However, as there is little literature on the radiation hardness of the devices and ageing it is unlikely to be higher than 6. The literature available, including this work, on radiation damage and ageing provides a good starting point in which to tackle the issue [10] [11] [12] [13] , however much more work is required to raise TRL. The investigation described in this paper aims to contribute to raising the TRL and to the understanding of the ageing process.
Ageing
The underlying cause for the decreasing gain is not entirely understood and work undertaken at the e2v Centre for Electronic Imaging along with others [10] [11] [12] [13] , is helping to fully characterise and understand the process. It is understood, that the EMCCD ageing is a two stage process. The initial phase includes high reduction in the maximum gain and occurs within the first 24 hours of -3 -2012 JINST 7 C01023 operation, thereafter, a slower gain loss is observed extending over the life-time of the device. It is common for EMCCD manufacturers to condition their devices past the initial phase in order to present a more stable device to the customer. In addition to this conditioning, it is common to compensate for the ageing by increasing the voltage applied to the avalanche phase. Figure 4 shows the potential increase required to maintain an avalanche gain of ×1000 with an e2v CCD65 while illustrating the 2 stage process [12] . There are also many ways to work around the problem by operating the device in sustainable ways, for example by only exposing the device to the high potential when necessary and by limiting high amounts of signal from passing through the gain register. [14] . Although for terrestrial applications these may be acceptable, the uncertainties involved with these processes are not ideal for space.
Automated Test Equipment
The development of the Automated Test Equipment (ATE) enables complete autonomous life testing of EMCCDs. This new testing environment can receive an unconditioned device, which is a device that has not undergone the initial conditioning by the manufacturer, and age it while taking measurements. The ATE allows for more advanced, novel experiments to be performed providing a deeper understanding of the inner workings of devices undergoing the ageing process. Figure 5 shows the setup used. Table 1 below shows the physical properties of both the CCD97 and CCD65 used for the data taken in this work.
Ageing characterisation
The gains achieved on several unconditioned CCD97s were measured, the devices were then aged using the ATE and the gain re-measured at regular intervals. The ATE can take multiple frames within a single minute to provide a high data yield. There were two methods used to calculate the gain for this investigation. The first method was a room temperature based test where image area dark current was used as the input signal. A series of pairs of frames where taken, one with a unity gain and one with a particular avalanche potential. The offset provided by the readout system was subtracted and then the ratio of the two frames taken. The second method was performed at temperatures in the region on -100 • C where there is little measurable dark signal. In this case, an LED was used as a source of signal. The background level at unity gain does not fluctuate at these temperatures therefore background images did not need to be taken before each gain measurement allowing for faster data acquisition. The LED was allowed to pulse for both the unity gain frame and the frame with avalanche gain. The two images had the readout offset subtracted and the ratio of the two frames taken. It was found that the most suitable pulse length was 2 ms, providing enough signal for measurement at unity gain but not too much to saturate the ADC at high gains. The initial result was as expected with the gain decreasing during operation as shown by figure 6. Here, two unconditioned devices were run and left to degrade for over 25 hours using the first method. The two devices have different initial gains; this is common when using different devices and comes about through variations in manufacturing. With the electron moving through a complex path, the fields it experiences and the stochastic nature of the process any small changes in the electrotrode gap or oxide thinkness can cause a large change in the final gain. Figure 7 shows a third device taken further and run with the potential incrementally increased. The experiment was then restarted and the device run through the same voltages, it is clear that the second run yields lower gains. 
Ageing simulation
After the initial chracterisation an experiment to investigate the avalanche gain register, in particular the potential benieth ΦDC, was performed. The primary thought was that the accelerated electrons gained sufficient energy to inject into the gate dielectric. Simulation work performed by Frederick Mayer of e2v technologies however, showed that holes may be getting trapped at the interface under ΦDC. Figure 8 pictorially shows how the build up of holes can affect the gain of the device.
An experiment was then constructed to attempt to varify the simulation work undertaken by Mayer. 
DC shift investigation
A common problem in semiconductor device physics is that there is no direct access to the key internal potentials, therefore the relevant variables have to be determined by indirect means. The experiment involved integrating dark signal within the multiplication register of an unconditioned device with all phases held low apart from ΦDC. This ensured all signal was stored within the ΦDC well. The signal was also integrated with the reset MOSFET held high in order to clear out any additional charge. The integration time was high enough for ΦDC's potential well to fill, (typically 10 seconds) once full the device was back-clocked once, in order to return the device to its original operating conditions, and then read out in the ordinary manner under unity gain conditions. The device was then aged at various voltages and for different amounts of time by the ATE and the ΦDC potential well re-measured at each interval. If the simulations are correct, the well capacity of ΦDC should increase as the accumulation of holes contributes to the positive bias of the electrode figure 9 shows a moving average of the signal integrated in each element of the avalanche register solely under ΦDC as the EMCCD is aged. It is shown that there is an increase in capacity under ΦDC in each element as the device is run. The first few elements have not undergone this change as the ageing in this region in minial. The signals here are small compared to the other end of the register. Figure 10 is a plot of signal level under ΦDC at the different stages for the ageing process in 4 different register elements. Where element 1 is the first element after the serial register, elements 100, 200, 300 and 400 were isolated. It is shown that towards the end of the register the capacity of ΦDC increases more compared to the start indicating an accelerated ageing effect. It is wellknown that when run with gain the end of the multiplication register stores and transports larger signals than the start due to the method of multiplication. The larger signals are now seen to cause accelerated ageing.
These results show both an increase in the capacity of ΦDC as the devices are aged and a non-uniformity of ageing across the multiplication register. However more work is required to be able to say with absolute certainty that it is trapped holes causing the observed effects, although it does appear consistent with the simulation work carried out by Mayer. 
Conclusion
The work presented here is a preliminary contribution to aid in the understanding of the EMCCD ageing process. The ageing effect has been demonstrated alongside a novel experiment to further explore the process. It has been established that the potential beneath ΦDC in each element of the avalanche gain register is shown to increase linearly along the register and therefore proportionally to the amount of signal passing through it. The observed increase has been linked with the build up of holes beneath ΦDC. Further investigation is required to clarify whether or not it is the holes contributing to the observed increase in potential and that this increase is in fact having a direct effect on the gain produced by the device. This ongoing investigation will aid the understanding of the ageing process and contribute towards preparing the EMCCD for use in space.
